The causative agent of swine dysentery has been shown to be an anaerobic spirochete, Treponema hyodysenteriae (6, 7, 30) . The spirochete is helical, has seven to nine axial filaments, and is surrounded by an outer envelope (12) . The organism may be differentiated from nonpathogenic porcine treponemes on the basis of its ability to produce strong ,B-hemolysis on blood agar plates, its enteropathogenicity in pigs and mice, and its biochemical reactions (9, 12) . Antigenic differentiation between treponemal species and strains has been based on the serotype specificity of a phenol-waterextracted lipopolysaccharide (LPS) (1, 20) . In addition, Chatfield and co-workers (3) have demonstrated polypeptide differences between T. hyodysenteriae and T. innocens by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The cellular location of these polypeptides was not determined.
Virulence factors or protective antigens of gram-negative bacteria are often associated with the outer membrane (OM). Some of the better-characterized virulence factors include fimbriae of Escherichia coli (32) ; major OM proteins (OMPs) of Neisseria gonorrhoeae, N. meningitidis, and Hemophilus influenzae (29) ; and LPS of Salmonella typhimurium (15, 26) . Partial protection against swine dysentery by using whole-cell bacterins has been reported (5) but has not yet been demonstrated with subcellular fractions. The humoral immune response of swine to specific treponemal antigens (whole-cell sonic extracts) was addressed by Joens and Marquez (10) . These investigators identified an antigen with an approximate molecular mass of 16 kilodaltons (kDa) by using serum and secretions from convalescent swine, but neither the subcellular location nor the nature of these antigens was determined.
The present study demonstrates that sera from vaccinated or experimentally infected swine recognize antigens located in the treponemal OM. In addition, the major antibody response appears to be directed toward carbohydrate epitopes on the endotoxin or LPS moieties of T. hyodysenteriae, as determined by SDS-PAGE and Western blot (immunoblot) analysis. * Corresponding author. t Present address: Trudeau Institute, Saranac Lake, NY 12983.
MATERIALS AND METHODS
Bacterial strains. T. hyodysenteriae B78, B234, B204, B169, A-1, Ack300/8, and GS, as well as T. innocens B256, B1555a, B6571, and 4/71, were obtained from the culture collection of the Veterinary Medical Research Institute, Iowa State University, Ames, Iowa. Cultures were stored in growth medium at -70°C. Cultures were grown anaerobically at 37°C for 18 to 24 h in Trypticase soy broth (BBL Microbiology Systems, Cockeysville, Md.) supplemented with 1% VPI salt solutions A (0.04% CaCl2, 0.04% MgSO4) and B (0.2% K2HPO4, 0.2% KH2PO4, 2% NaHCO3, 0.4% NaCl), yeast extract (0.5%; BBL), cysteine hydrochloride (0.05%; Sigma Chemical Co., St. Louis, Mo.), and horse serum (5.0%; HyClone Inc., Logan, Utah). Bacteroides fragilis ATCC 25285 was grown for 48 h in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with yeast extract (0.5%) and hemin (1 mg/liter). All cultures were harvested by centrifugation (10,000 x g), washed once in phosphate-buffered saline (PBS, pH 7.2), and washed once in distilled water prior to OM or endotoxin extraction.
Animals. All animals used in these experiments were 6-to 8-week-old crossbred swine acquired from H & K Enterprises, Ames, Iowa. Animals were fed a commercial feed containing 16% protein without antibiotic supplementation.
Infection protocol. Pigs were fasted for a 36-h period during which they were infected twice with 100 ml of an 18-h broth culture of T. hyodysenteriae B204 diluted to 108 bacteria per ml. Rectal swabs were taken periodically to monitor infection by dark-field microscopy and bacteriological culture (13) . Beginning on day 3 postinfection, fecal scores were obtained for each pig. Scores were assigned to stool specimens on the basis of consistency and the presence of blood or mucus. Scores for consistency ranged from 0 (normal) to 3 (profuse dysenteric diarrhea); a value of 1 was added to this score if blood or mucus was present, and a value of 2 was added if both were present (maximum score = 5). Scores were averaged for the treatment groups each day. Rectal swabs were collected and inoculated onto blood agar plates containing 5% sheep blood and antibiotics (spectinomycin, 200 ,ug/ml; colistin methanesulfonate, 250 ,ug/ml; vancomycin, 250 ,ug/ml; rifampin, 500 ,ug/ml; spiramycin, 37-C (13) .
Immunization and absorption of sera. Pigs were vaccinated intramuscularly on day 0 with the sarcosine-extracted OM preparation (1 mg of protein) suspended in saline. Secondary immunizations (1 mg of protein) were given intramuscularly on day 14. Pigs were challenged 7 days after the secondary immunization (day 21). Serum was collected from each animal on days 0, 14, and 35.
In order to absorb sera with whole treponemes, log-phase T. hyodysenteriae was concentrated and resuspended to approximately 2 x 1010 bacteria per ml in 10 mM Tris, pH 7.4. A 0.5-ml portion of this suspension was combined with 0.5 ml of heat-inactivated (56°C for 30 min) serum and incubated for 90 min at 37°C. The samples were clarified by centrifugation and stored at -20°C (16) . In addition, serum was absorbed with preparations of endotoxin (24) VOL. 56, 1988 for 30 min at 25°C. The reaction was stopped by the addition of 10' M potassium iodide and low-speed centrifugation (600 x g) to remove the beads. The cells were washed three times by centrifugation (10,000 x g) at 4°C in PBS with 10-4 M potassium iodide. The cell pellet was lysed with 1% sarcosine and sonication. Cell debris was removed by centrifugation, and supernatant material was subjected to SDS-PAGE. The resulting gel was autoradiographed by using Kodak XAR-5 film.
Electron microscopy. A Triton X-100-extracted OM preparation (250 ,g of protein per ml) was washed twice in distilled water and resuspended in the original volume. Formvar (E. F. Fullman, Inc., Schenectady, N.Y.)-coated grids were floated on drops of the OM preparation for 60 min. Grids were then gently washed under tap water for 3 min, and the excess fluid was removed. Grids were then floated on a drop of stain (2% phosphotungstic acid and 0.1% bovine serum albumin in water) for 1 min. The excess stain was removed by wicking with filter paper, and the grids were dried. Tobacco mosaic virus virions were added to the stain as a size marker, 17.6 nm. Grids were examined by using a transmission electron microscope.
Chemicals and reagents. Chemicals and reagents were obtained from Sigma Chemical Co. unless specified otherwise.
Statistics. Clinical scores, mean + standard error of the mean (SEM), of the vaccinated and control pigs were compared by an analysis of variance; the apparent molecular masses of the OMPs are represented as the mean + SEM. RESULTS SDS-PAGE analysis. OM extracts prepared by Triton X-100 solubilization (25) of T. innocens (lanes B to D) and T. hyodysenteriae (lanes E to K) were compared by SDS-PAGE analysis; they are depicted in Fig. 1 . The OMP profiles of the three T. innocens strains were more diverse than the OMP profiles of the seven strains of T. hyodysenteriae examined. Numerous protein bands with molecular masses greater than 45 kDa were observed for isolates of both species. The apparent molecular masses of the predominant proteins between 22 and 49 kDa in the Triton X-100-extracted preparations of T. hyodysenteriae B204 and T. innocens B256 (mean ± SEM) were as follows: T. hyodysenteriae B204, 44.9 + 1.4, 43.6 ± 1.2, 42.3 ± 1.3, 40.8 + 1.6, 38.7 ± 1.4, 35.9 + 1.3, 33.7 ± 1.6, 31.6 ± 1.5, 30.0 ± 0.9, 29.0 ± 1.1, 26.6 ± 0.9, and 23.6 ± 0.4; T. innocens B256, 48.2 ± 1.4, 46.8 ± 1.4, 45.3 ± 1.1, 38.3 ± 2.0, 34.4 ± 1.5, 31.6 ± 1.1, 28.2 ± 1.1, and 25.1 ± 0.5. (The apparent molecular masses were calculated from five separate polyacrylamide gels stained with Coomassie Blue after SDS-PAGE. Standard curves were prepared by measuring the relative mobilities of the molecular mass standards.) The presence of these respective proteins was more consistent among the T. hyodysenteriae isolates than among the T. innocens isolates. An electron micrograph of the membrane vesicles observed in the Triton X-100 extract of T. hyodysenteriae B204 is shown in Fig. 2 . By using tobacco mosaic virus as a size standard, the membrane of these vesicles was determined to be approximately 8.0 nm in diameter. Similar membrane vesicles were observed in the sarcosine-extracted OM preparations (data not shown).
Endotoxin extracts of T. hyodysenteriae and T. innocens were also examined by SDS-PAGE analysis (Fig. 3) . Lanes A and G of Fig. 3 contain endotoxin hyodysenteriae serogroups 1, 2, 4, 6, and 7 are depicted in lanes B to F, while T. innocens endotoxins are shown in lanes H to J. The T. hyodysenteriae endotoxins were similar in nature to the rough endotoxin of B. fragilis, and the T. innocens preparations resembled neither the smooth E. coli nor the rough B. fragilis endotoxins. A silver-stained component in the Triton X-100-extracted OM preparations similar to that of the endotoxin preparations is shown in Fig. 4  (lane B) . These results indicated that there is an OM component in the 14-to 19-kDa range of a polyacrylamide gel that does not stain with Coomassie blue (lane A).
Vaccination and challenge. In order to examine the role of OM antigens in protection, 6-week-old swine were divided into two groups. One group was vaccinated with the sarcosine-extracted OM preparation (1 mg of protein), and the other group received saline. Seven days after secondary immunization (1 mg of OMP), the swine were challenged with T. hyodysenteriae B204. The results (Table 1) indicate that the pigs vaccinated with the OM material had lesssevere clinical signs of swine dysentery (P > 0.05) on days 28 and 35 for both experiments. Though some of the vaccinated pigs developed diarrhea, the presence of blood and mucus in the stool specimens of vaccinated animals was not as obvious as in the stools from nonvaccinated pigs. In addition, fewer of the pigs were culture positive for T. hyodysenteriae. One animal in each nonvaccinated group died from complications associated with swine dysentery. Serum samples collected from each animal in experiment 1 were examined by Western blot analysis (Fig. 5) . It can be seen that preimmune sera reacted with many of the T. hyodysenteriae OM antigens (lanes A to F). The Western blots depicted in lanes G to I indicate that pigs immunized with OM (but not yet challenged with T. hyodysenteriae) developed antibodies reactive with antigens in the 14-to 19-kDa range, which were not detected in preimmune sera or in the sera from control pigs (lanes J to L). Lanes P and Q indicate that nonvaccinated control animals developed detectable antibodies to the 14-to 19-kDa bands during the 3 weeks after challenge, and the increased intensity of the same bands in lanes M to 0 suggests that the challenge inoculum enhanced the antibody response to these antigens in the vaccinated pigs.
Cellular location of the 14-to 19-kDa antigens. To determine whether the 14-to 19-kDa antigens were surface exposed on the organism, log-phase T. hyodysenteriae B204 was surface labeled with 1251, sonicated, and extracted with sarcosine. The iodination indicated that the majority of proteins in the 22.5-to 46.5-kDa range were labeled, but there was no detectable label in the 14-to 19-kDa range (Fig.   1 ).
The reactivity of serum from convalescent swine to the 14-to 19-kDa bands could be removed by absorption of the sera with log-phase T. hyodysenteriae B204 but not with T. innocens B256 (data not shown). The antigenic specificity of the 14-to 19-kDa bands in the Western blots of sarcosineextracted OM is demonstrated in Fig. 6 was investigated by treating the sarcosine-extracted OM preparation or the endotoxin preparation with proteinase K or with 0.01 M sodium meta-periodate prior to SDS-PAGE analysis. Immunoblot analysis of these gels indicated that the antigenic epitopes were resistant to proteinase K (Fig. 7 , lanes C and F) but were sensitive to periodate (lanes B and E). The Coomassie blue-stained SDS-PAGE gel (Fig. 8) of the sarcosine-treated OM preparations and of the endotoxin preparations indicated that the protein profile of the periodate-treated sample (lane B) was unchanged, while the OMP profile of the proteinase K-treated sample (lane C) was eliminated. There was also a protein with an approximate molecular mass of 45 to 46 kDa in the endotoxin preparation (lane D) which was eliminated by proteinase K digestion (lane F). This endotoxin-associated protein did not react with the serum from convalescent swine, as determined by Western blot analysis (Fig. 7, lane D) . Western blot analysis of swine sera against sarcosineextracted OM antigens of T. hyodysenteriae B204. A 250-,ug portion of the sarcosine-extracted OM was separated on a 12.5% polyacrylamide preparatory slab gel and then transblotted to nitrocellulose paper. Swine sera collected on days 0 (lanes A to F), 14 (lanes G to L), and 35 (lanes M to Q) were reacted with the indicated strips of nitrocellulose. The sera from pigs vaccinated with the OM are shown in lanes A to C, G to I, and M to 0. The sera from the control pigs are shown in lanes D and F, J to L, and P and Q. Individual animals are represented in the same order at each time point, except for the serum from the pig represented by lanes E and K. This animal died from T. hyodysenteriae infection prior to day 35 . All animals were infected with virulent T. hyodysenteriae B204 on day 21.
FIG. 6.
Western blot analysis of serum from convalescent swine absorbed with E. coli or treponemal endotoxins. After electrophoresis of 250 ,ug (protein) of T. hyodysenteriae B204 sarcosineextracted OM through a preparatory slab gel (10 to 15% polyacrylamide gradient), the OM antigens were transblotted to a nylon membrane. Serum (0. chemical reactions (9, 12) . The usefulness of using SDS-PAGE protein profiles to differentiate the OM extracts of these two species was explored. Treponemal OMs were extracted by several chaotropic agents, including sarcosine (4), Triton X-100 (25) , and LiCl (22) , and these extraction procedures yielded preparations which had very similar OMP profiles, as determined by SDS-PAGE analysis (data not shown). As can be seen in Fig. 1 , the relative mobilities of the predominant OMPs from the two treponemal species differed slightly; this difference was also seen when the apparent molecular masses were determined (see the first paragraph of Results). The relative uniformity of the OMP profiles among the T. hyodysenteriae strains (Fig. 1) was also recently reported by Chatfield and co-workers (3); however, these investigators examined whole-cell envelopes (inner and outer) rather than OM preparations. Though the results of SDS-PAGE analysis indicate that there are discernible differences between T. hyodysenteriae and T. innocens OMP profiles, an extensive catalog of OMP profiles would need to be developed before SDS-PAGE analysis could be used to identify porcine spirochetes.
The membranous nature of the OM preparations was examined by electron microscopy (Fig. 2) . Both the Triton X-100-extracted OM preparation and the sarcosine-extracted OM preparation (data not shown) contained membrane-bound vesicles with an estimated diameter of 8.0 nm. These results are consistent with those of Masuda and Kawata (21) , who determined that the outer sheath of T. phagedenis had an apparent diameter of 8.3 nm. The presence of surface-exposed antigens on the OM of T. hyodysenteriae has not been confirmed. However, preliminary observations with an immuno-gold technique demonstrated reactivity of rabbit antiserum, derived against the sarcosineextracted OM preparation or endotoxin, with both the intact organism and the OM vesicles (data not shown). Though immuno-gold decoration of the OM in thin sections of T. hyodysenteriae would be required to prove the location of specific antigens, these results suggest that the detergentextracted preparations used in the current studies contain the antigens located in the treponemal OM.
Endotoxin preparations from T. hyodysenteriae and T. innocens strains were also examined by SDS-PAGE analysis (Fig. 3) . The electrophoretic profile of T. hyodysenteriae endotoxin (Fig. 3, lanes B to F) resembled that of B. fragilis endotoxin (lane G) rather than that of E. coli endotoxin (lane A). The staining patterns suggest that the butanol-water extracts of T. hyodysenteriae are rough rather than smooth endotoxins (34) . The electrophoretic mobility of the T. innocens endotoxins (Fig. 3, lanes H to J) was different from that of the T. hyodysenteriae endotoxins and was not consistent with either smooth or rough LPS preparations. The differences in the SDS-PAGE patterns of T. hyodysenteriae endotoxins and T. innocens endotoxins could be used to tentatively differentiate the two species (8) . This information indicates that the comparison of treponemal isolates by SDS-PAGE and silver stain analysis would yield more consistent results if the differentiation was based on the endotoxin profile rather than on the entire OMP profile.
The current report also examined the role of OMP and endotoxin in the induction of an immune response against T. hyodysenteriae. In two separate experiments, pigs vaccinated with an OM preparation developed fewer clinical signs of disease (P > 0.05) after infection whereas control animals developed severe clinical signs of disease and two of the control pigs died (Table 1) . Western blot analyses of the 35-day serum samples from these pigs revealed qualitative differences between the antibody responses of the two groups (Fig. 5, lanes M to Q) F) . Samples (20 ,ug) were separated on a 10 to 15% polyacrylamide gradient gel and stained with Coomassie blue R250. Samples were untreated (lanes A and D), treated with periodate (lanes B and E), or treated with proteinase K (lanes C and F). Molecular masses (in kilodaltons) are indicated to the left of the gel.
which reacted with antigens in the 14-to 19-kDa region of the transblot.
Western blot analysis indicated that all pigs had detectable antibodies reactive with T. hyodysenteriae antigens prior to immunization (Fig. 5, lanes A to F) . Detection of antibodies in serum samples from normal animals reactive with gramnegative OM antigens is not unusual. Similar findings have been reported when normal or acute-phase human serum samples have been tested for antibodies to OMPs of H. influenzae type b (16, 17) , Campylobacterjejuni (23) , and N. meningitidis (35) . These cross-reactive antibodies develop as a result of interaction with shared antigens or from previously undetected exposure to the organism and are not sufficient to protect the animal from infection. The swine used in these experiments were obtained from a specificpathogen-free herd which had not had any clinical or microbiological signs of swine dysentery for over 4 years. This would indicate that the antibodies detected in preimmune sera were developed against cross-reactive antigens found in the flora or diet of the animal. The low-molecular-mass (14-to 19-kDa) antigens appear to be specific for T. hyodysenteriae, as evidenced by their detection with serum from immunized or convalescent pigs (Fig. 5 , lanes G to I, and Fig. 6 ) and by their absence in T. innocens (data not shown).
The nature of the 14-to 19-kDa antigens does not appear to be proteinaceous on the basis of the inability to detect a major Coomassie blue-staining band in this region of SDS-PAGE gels (Fig. 1) . However, these antigens may not stain well with Coomassie blue. It has been noted previously that the hemolysin of T. hyodysenteriae does not stain well with Coomassie blue (27) and that it has an apparent molecular mass of 19 kDa (11) . Silver stain analysis of SDS-PAGE gels containing OM (Fig. 4) or endotoxin preparations (Fig. 3) has revealed the presence of a major component in the 14-to 19-kDa range of the gel. Additional information indicating that the 14-to 19-kDa antigens are components of endotoxin preparations was obtained by absorbing serum from convalescent swine with various endotoxins (Fig. 6) . Only endotoxin from the homologous strain was able to remove antibodies from the serum (Fig. 6, lane B) . This datum suggests that the major epitope(s) was serotype specific and was not a shared component(s) of the core or lipid regions of the endotoxin molecule.
Chemical or enzymatic treatment of the OM and endotoxin preparations before Western blot analysis also indicated that the major epitopes of the 14-to 19-kDa antigens are not proteinaceous but are carbohydrate or lipid in nature (Fig. 7) . Periodate oxidation (Fig. 7, lanes B and E) , but not proteinase K digestion (lanes C and F), of the OM and endotoxin preparations eliminated the reactivity of the 14-to 19-kDa antigens upon subsequent Western blot analysis. Examination of the Coomassie blue-stained gel (Fig. 8) revealed that the OMP profile was not affected by periodate oxidation (lane B) but was eliminated by proteinase K digestion (lane C). Comparison of Fig. 5 and 6 with Fig. 3 indicated that the major antigenic epitopes of the OM extract are identical to those of the treponemal endotoxin. The information described above, coupled with the periodic Schiff staining of the 14-to 19-kDa bands (data not shown) indicated that the major antigenic epitope(s) of endotoxin were not the lipid-associated proteins (37, 38) or porins (31) , which are coextracted with endotoxin, but were carbohydrate or lipid in nature.
The results presented in this paper demonstrate that a specific humoral immune response is elicited to OM antigens of T. hyodysenteriae after infection. Of particular interest are the 14-to 19-kDa antigens identified on SDS-PAGE gels and Western blot analysis. The identities of the 14-to 19-kDa antigens were consistent with T. hyodysenteriae endotoxin and suggests that the serotype antigens are one of the major antigenic moieties in the OM of T. hyodysenteriae.
